Abstract: 2-Thiohydantoin derivatives are produced by heating a mixture of thiourea and an α-amino acid. The method described offers the advantages of simplicity, low cost, easy work-up and scalability.
Introduction
Thiohydantoins are sulfur analogs of hydantoins with one or both carbonyl groups replaced by thiocarbonyl groups [1] . Among the known thiohydantoins, 2-thiohydantoins are most notably known due of their wide applications as hypolipidemic [2] , anticarcinogenic [3] , antimutagenic [4] , antithyroidal [5] antiviral (e.g., against herpes simplex virus, HSV) [6] , human immunodeficiency virus (HIV) [7] and tuberculosis [8] ), antimicrobial (antifungal and antibacterial) [9] , anti-ulcer and anti-inflammatory agents [10] , as well as pesticides [11] . Additionally, 2-thiohydantoins have been used as reference standards for the development of C-terminal protein sequencing [12] , as reagents for the development of dyes [13] and in textile printing, metal cation complexation and polymerization catalysis [14] . It is therefore not surprising that various different synthetic methods have been developed to prepare 2-thiohydantoin and its derivatives. Some of the most commonly used methods are the treatment of α-amino acids with acetic anhydride followed by ammonium thiocyanate [15] and the coupling reaction between α-amino acid derivatives and isothiocyanate [4a,12b,16] . Other preparative methods for 2-thiohydantoins include the reactions between thiourea and benzil [17] , thiourea and α-halo acids [18] , oxazolinone and thiocyanate [19] , amino amide and diimidazole thiocarbonate [20] , and others [21] . In addition, some of the above reactions have been modified to take place under microwave irradiation [17c] and solid-phase [16a,22] or fluorous-phase [23] supported reaction conditions. However, the above methods often suffer from one or more synthetic limitations for large-scale preparation of 2-thiohydantoin derivatives due to their use of expensive, moisture sensitive and/or highly toxic starting materials and reagents. Moreover, the methods developed for combinatorial synthesis and used to prepare 2-thiohydantoin derivatives in small quantities for purposes like biological testing may not be feasible when operated on a large scale [22d,24] . We now report a simple method for the preparation of 2-thiohydantoin derivatives that can easily be scaled up in the laboratory.
Results and Discussion
This reaction, giving moderate to high yields of 2-thiohydantoins, involves the direct condensation between α-amino acids and thiourea, as generally depicted in Scheme 1. In detail, a mixture of thiourea and an L-α-amino acid are allowed to react directly in the absence of any solvent at temperatures ranging from 170 to 220°C. This novel reaction has been carried out under four different conditions: the reactions are carried out in a flask under reflux using i), a heating mantle or ii), an oil bath as the heat source, iii) in a sealed stainless reactor equipped with magnetic stirring and heated by an oil bath, and iv), in a Parr acid digestion bomb placed in a preheated furnace maintained at a constant temperature. The various reaction results are listed in Table 1 . Table 1 , of the four sets of reaction conditions studied, the one involving refluxing the liquified mixtures of amino acid and thiourea in an oil-bath gave the best yields, ranging from 79% to almost 100%. These yields vary as a function of the structure of the amino acid used. In contrast, refluxing the same mixtures in a heating mantle generally gives much lower yields (from 23 to 78%). On the other hand, whereas heating the reactants in a Parr acid digestion bomb in a temperaturecontrolled furnace does not apparently improve the yields, compared to heating the same reagents via a heating mantle, the use of a sealed magnetically stirred stainless reactor heated by an oil bath gives yields almost comparable to the reactions performed via oil bath heating (although the former technique has other technical issues, discussed below). The differences in yields noted under the various experimental conditions described herein are readily attributable to the respective mixing efficacies and the duration of heating. For instance, the generally lower yields resulting from the reaction conditions involving refluxing in a heating mantle can be attributed to the "hot spots" arising from uneven heating that cause decomposition of the starting materials or resultant products. Likewise, although the reactions performed in the temperature-controlled furnace suffer from relatively minimal temperature variations, due to the good control of the heating source, there is still the limitation of the absence of even mixing and the observed lower yields in this case were probably due to the lack of stirring in the furnace. In addition, even though the α-amino acid to thiourea ratio (which ranged from 1:1 to 1:3) has almost no effect on the final yields of 2-thiohydantoins in the tested reactions, the yield enhancement observed with shorter cooking periods has led us to set our optimized reaction conditions, namely refluxing the reagent mixture in an oil bath for no more than half an hour. After the reactions, the products can be purified by silica gel column chromatography. More importantly, those 2-thiohydantoins resulting from amino acids with non-polar side chains can be isolated simply by precipitation from water, as any thiourea left in the reaction mixtures is very watersoluble. From the reactions and conditions tested during the course of this study, it was observed that all the amino acids with non-polar side chains such as glycine, alanine, valine, leucine, isoleucine, proline, phenylalanine, and methionine readily react with thiourea to form the corresponding 2-thiohydantoins. In addition, some other amino acids with polar side chains such as tryptophan and tyrosine also react with thiourea to give the corresponding 2-thiohydantoins. It was surprising to note that the reaction between L-cysteine and thiourea yields 5-methyl-2-thiohydantoin, the same product obtained from the reaction between L-alanine and thiourea. The formation of such an unexpected product could be attributed to thermal desulfurization. In contrast, the corresponding 2-thiohydantoins arising from other natural amino acids, such as histidine, aspartic acid, asparagine, glutamic acid, glutamine, lysine and arginine were not obtained or isolated under our reaction conditions. In parallel, it has been repeatedly reported that the traditional Johnson treatment of α-amino acids with acetic anhydride and ammonium thiocyanate in acetic acid also failed to yield the corresponding 2-thiohydantoins derived from aspartate [25] [12b,25] . We rationalize such failures in our case to the fact that amino acids such as arginine, asparate, asparagine, glutamate, glutamine and lysine are known to decompose at temperatures close to our reaction temperatures [27] and are therefore unstable under the reaction conditions; in addition, some amino acids like glutamic acid, glutamine, aspartic acid or asparagine may conceivably undergo side reactions involving their second functional groups, that might attack the thiohydantoin rings formed. Nevertheless, we hope that the failure to prepare 2-thiohydantoins derived from glutamic acid, arginine etc. by the proposed method will not detract from the potential and value of this reaction for Medicinal Chemistry, as it has been reported that 2-thiohydantions with non-polar substituents at C-5 display effective biological activities, whereas those with polar groups at that position are not effective [5a] .
Moreover, it has been observed that under the oil bath heating conditions, the reaction yields increase as the reaction scale increases. For example, a 96% yield of 5-sec-butyl-2-thiohydantoin was obtained from 2 grams of L-isoleucine and thiourea (Table 1) , and an almost quantitative yield was obtained when 6.0 g of L-isoleucine were heated with thiourea, whereas our initial trial of this reaction using 0.5 g of L-isoleucine only yielded 78% of the (S)-5-sec-butyl-2-thiohydantoin product. The yield enhancement on a larger reaction scale is attributed to the proportionally lower product losses during the work-up process. Accordingly, it is possible that this reaction holds a great deal of potential of scalability for larger quantity production to satisfy the need of medicinal and pharmaceutical applications.
All the 2-thiohydantoins formed were characterized through UV, MS and NMR spectral analyses. A characteristic UV absorbance was observed in the 260-270 nm range for the 2-thiohydantoins prepared in this study (Table 2) , which is consistent with the reported absorption of 270 nm for these species [16d]. The MS spectra were recorded using an ESI APPI detector under both positive and negative ionization modes, and results are also summarized in Table 2 . In general, all 2-thiohydantoins showed three characteristic 1 H-NMR chemical shifts at 4.0-4.5 ppm (H-5), 8.9-9.5 ppm (H at N-1) and 10.5-11.0 ppm (H at N-3) , that correspond to the thiohydantoin ring protons. Furthermore, 2-thiohydantoins also show characteristic peaks in their 13 C-NMR spectra: at 50-70 ppm for C-5 and 156-187 ppm for either thiocarbonyl or carbonyl groups (Table 3) . It should be pointed out that we have not observed any racemization at the 5-positions of 2-thiohydantoins prepared under our reaction conditions. This was concluded from the analysis of the 1 H-NMR spectra of the 2-thiohydantoins, by the comparison of representative NMR spectra of (S)-5-isopropyl-2-thiohydantoin derived from L-valine and the mixed (R)-and (S)-5-iso-propyl-2-thiohydantoin prepared from racemic DL-valine under the same conditions, as shown in Figure 1 . In addition, no extra peaks were observed for the NMR of (S)-5-isopropyl-2-thiohydantoin in the presence of a chemical shift reagent, i.e., Eu(fod) 3 . It is clear that the two methyl groups in enantiomerically pure (S)-thiohydantoin appear as two characteristic doublets in its 1 H-NMR, whereas the NMR of the racemic mixture shows two pairs of overlapped and duplicated doublets. On the other hand, when we heated pure L-valine at a temperature above 220ºC for one hour, we did observe partial racemization according to the NMR spectra, indicating that our reaction conditions are safe to prepare enantiomerically pure 2-thiohydantions from L-amino acids. Figure 1 . A comparison of NMR spectra between (S)-5-isopropyl-2-thiohydantoin and the mixed 5-isopropyl-2-thiohydantoin. Shown in Scheme 2 is the proposed mechanism for this simple reaction, where one of the two thiourea amino groups attacks an amino acid carboxyl group to form an amide bond with loss of a water molecule. Next, the amino acid α-amino group attacks the thiocarbonyl group, accompanied by the evolution of an ammonia molecule. Thus, the amino acid α-amino group becomes part of the 2-thiohydantoin moiety and no racemization occurs at the amino acid α-position during the cyclization. The proposed mechanism is supported by the result of the reaction between L-valine and Nallylthiourea, shown in Scheme 3. In this reaction two 2-thiohydantoins are obtained in a 2.3:1 ratio, resulting from the attack of nitrogens of the different amino groups of N-allylthiourea on the amino acid carboxyl group. In this particular reaction, the initial attack on the carboxyl group by the N-allylthiourea primary amino group and subsequent addition of the α-amino group to the thiocarbonyl, followed by the evolution of allyl amine, results in the formation of (S)-5-isopropyl-2-thiohydantoin (R f = 0.32, hexanes-EtOAc = 2:1), which is identical to the product produced directly from the reaction with thiourea. In contrast, the initial attack of the allylic secondary amino group following a similar path would yield (S)-N 3 -allyl-5-isopropyl-2-thiohydantoin (R f = 0.52, hexanes-EtOAc = 2:1), whose 1 H-NMR spectrum clearly indicates the disappearance of the N-3 proton in the 10.5 -11.0 ppm range, as shown in the Experimental section. These two 2-thiohydantoins are readily separated by column chromatography using 2:1 hexane-EtOAc as eluent. It is assumed that the preference for formation of (S)-N 3 -allyl-5-isopropyl-2-thiohydantoin is due to the higher basicity and nucleophilicity of the secondary amino group attached to the allyl group, although the allyl group may conceivably increase the steric hindrance for the initial attack from the secondary amino group on the carboxyl group. Clearly, this steric effect does not overcome the effects of nucleophilicity and basicity in controlling the reaction outcome.
Scheme 2. The mechanism of 2-thiohydantoin formation. 
Conclusions
In summary, we have described a novel synthetic method for the preparation of 2-thiohydantoins from thiourea and α-amino acids containing non-polar side chains, which have some advantages over the already known methods. For example, this reaction offers the advantages of an easy work-up process, fast reaction rates, high yields and the use of cheap and less toxic starting materials. In addition, our method can easily convert L-proline into its 2-thiohydantoin derivative, whereas the often used Johnson method employing isothiocyanate failed [12b].
Experimental Section

General
Enantiomerically pure (L)-α-amino acids (except for (L)-α-isoleucine, which was a mixture of diastereomers), were purchased from Acros and used without further purification. Thiourea (Acros) was used as received, as were solvents such as ethyl acetate and hexane (VWR International). Precoated silica gel F 254 plates (Merck) from Aldrich were used for TLC. Column chromatographies were performed over silica gel using hexane and ethyl acetate as eluents. The purity of the compounds prepared in this study is verified by both TLC and 1 H and 13 C-NMR spectra (listed at the end of the Experimental section). Both UV and MS spectra are obtained on an Agilent Technologies 1100 series LC/MS machine, using an isocratic water-methanol (1:1) mixture as solvent. MS were recorded using both positive and negative ionization modes. All the NMR spectra ( 1 H-, 13 C-, H-H COSY [28] , H-C HSQC) were recorded at various temperatures on a Bruker Avance 600 MHz spectrometer located at the University of Houston central campus, using TMS as internal standard and operating at 600 MHz for 1 H and 150 MHz for 13 C, respectively. Acetone-d 6 , CDCl 3 or DMSO-d 6 were used as the solvents for the NMR measurements. The results, reported in ppm on the δ scale, are summarized in Table 3 . The stainless reactor was assembled at University of Houston-Clear Lake at Dr. R. Sánchez's lab. The high pressure acid digestion bomb (model No. 4746), equipped with a 23 mL PTFE cup (A255 AC), was purchased from the Parr Instrument Company.
Representative reaction procedure using an oil bath A 1:3 mixture of L-isoleucine (2.038 g) and thiourea (3.529 g) was placed in a flask and heated under stirring. When the oil bath temperature reached 180°C, the mixture started to melt (m.p. of thiourea 175-178ºC [27] ) and about 5 minutes later (when the temperature reached 190°C) the homogenous liquid started to fume and reflux and the solution turned an amber color. After 10 minutes, the fuming ceased and after refluxing at this temperature for an additional 15 minutes, the reaction was complete as monitored by TLC. The flask was allowed to cool down and water (20 mL) was added while the flask was still warm. The solution was reheated to dissolve all the solids and allowed to cool to room temperature, then placed in a refrigerator for 3 hours. The crystals were removed by vacuum filtration, and the mother liquid was extracted with ethyl acetate. The isolated crystals were already pure (S)-5-sec-butyl-2-thiohydantoin, whereas the EtOAc extract was further purified by flash column chromatography. The yields are shown in Table 1 along with the reactions of other amino acids.
Reactions heated by a heating mantle
The reaction procedure was almost the same as that used for the oil bath conditions, except for the lack of temperature control and the use of a 1:2 amino acid-thiourea ratio. After completion of reaction, the solid mixture was pulverized and loaded directly on a column for chromatography. The results are listed in Table 1 .
Reaction in the Paar acid hydrolysis bomb
A 1:2 ratio of amino acid and thiourea was placed in the PTFE cup and inserted into the acid digestion bomb, which was sealed and place in a furnace preheated to the desired temperature. After 1 to 2 hours, the acid digestion bomb was taken out and left in fume hood to cool down. The resulting brown colored mixture was extracted with EtOAc and purified by column chromatography. The results are shown in Table 1 .
Reaction in a metal reactor equipped with magnetic stirring and immersed in an oil bath
To a 250 mL stainless reactor, were added a magnetic stir bar, L-isoleucine (5.009 g, 38.2 mmol) and thiourea (5.836 g, 76.8 mmol) . After sealing, the reactor was immersed halfway into an oil bath preheated to 195ºC, and stirred magnetically. At different intervals, the metal reactor was taken out of oil bath and the contents sampled to monitor the completion of reaction by TLC. When the reaction was complete, water was added into the reactor to wash out the resulting product, which was purified in a similar way to that described in the oil bath treatment to afford 5.65 g of (S)-5-sec-butyl-2-thiohydantoin (86% yield). As it was very difficult and inconvenient to monitor the reaction under these conditions, no further reactions of thiourea with other amino acids were carried out using this setup. 
